Microstructurally-driven Investigation of Strain Localization in Wrought Magnesium Alloys by Cabal, Michael
   
Microstructurally-driven Investigation of Strain Localization in 
Wrought Magnesium Alloys 
 
A Thesis  
 
Submitted to the Faculty  
 
of  
 
Drexel University  
 
by 
Michael Cabal 
in partial fulfillment of the  
requirements for the degree 
of 
Master of Science 
June 2015
   
© Copyright 2015 
Michael Cabal.  All Rights Reserved.
i 
   
DEDICATION 
Esta tesis se la dedico a mi papa, Carlos Edgar Cabal, el cual me ha apoyado moral y 
económicamente para llegar a esta instancia de mis estudios. Papa, con tus sabios 
consejos y comprensión absoluta, me has inculcado lo necesaria que es la educación. 
Aunque casi no lo mencione, te quiero mucho y te aprecio. Te prometo seguir adelante, 
siempre buscando formas para mejorarme personal y profesionalmente, muchas gracias 
por creer en mí. También quiero tomar esta oportunidad para resaltar mi relación con una 
gran mujer, Patricia Isabel Cardenas Loyo. Esta aventura educativa comenzó justo 
después de conocerte.  Patty, con tu amor incondicional y atención, me has dado una 
nueva motivación para ser una mejor persona. Te amo. 
 
This thesis is dedicated to my dad, Carlos Edgar Cabal, who has supported me morally 
and economically to reach this instance in my education. Dad, with your wise advice and 
complete comprehension, you have instilled in me the necessity of higher education. 
Even though I don’t often say this, I love you very much and appreciate you. I promise 
you to keep moving forward, always finding ways to improve personally and 
professionally, thank you for believing in me. I would also like to take this opportunity to 
highlight my relationship with a great woman, Patricia Isabel Cardenas Loyo. This 
educational adventure started a little bit after meeting you. Patty, with your unconditional 
love and thoughtfulness, you have given me a new motivation to become a better person. 
I love you. 
 
ii 
   
ACKNOWLEDGEMENT 
I would like to thank my advisor, Dr. Antonios Kontsos, who has supported and 
instructed me throughout my thesis with a lot of patience and knowledge.  It was through 
a slow start and his continued patience that I developed the dedication needed to perform 
technological relevant research studies for my Master’s degree.  This also could have not 
been possible without the support of my dearest friends and TAMG colleagues, who have 
helped and guided me into the work completed in this thesis. 
I would also like to acknowledge my fellowship program the Greater Philadelphia Region 
Louis Strokes Alliance for Minority Participation (LSAMP), especially Veniece Keene, 
Stephen Cox, and Marisol Rodriguez, for giving me the opportunity to continue my 
graduate studies at Drexel University and the funding support throughout my degree.  
Lastly, I would like to thank Jacob Hochhalter and the rest of the team at NASA 
Langley’s Durability, Reliability, and Damage Tolerance Branch. Without their 
continuous help, this research would have not been possible. 
i 
   
“Those people who develop the ability to continuously acquire new and better forms of 
knowledge that they can apply to their work and to their lives will be the movers and 
shakers in our society for the indefinite future.” 
- Brian Tracy
i 
   
LIST OF TABLES 
Table 1:  Physical Properties of Mg, Al, and Fe [1] ............................................................3 
Table 2:  Composition of Materials Tested for Corrosion [8] .............................................4 
Table 3:  Slip and Twin Systems in Mg [19] .....................................................................13 
Table 4:  Material Properties Extruded and Rolled AZ31 [33] .........................................20 
Table 5:  RD Compression Average Hit Per Second Zone 1 & 2 Comparison .................53 
Table 6:  RD & ND Compression Average Hit Per Second Zone 1 Comparison .............55 
Table 7:  Max-Min Distance – Euclidean – Furthest Mean: R and τ .................................60 
Table 8:  Twinning Class ID ..............................................................................................61 
Table 9:  Grinding: PowerProTM 4000 Settings .................................................................68 
Table 10:  Polishing PowerProTM 4000 Settings................................................................68 
 
ii 
   
LIST OF FIGURES 
Figure 1:  Weight reduction of automotive components made of Mg alloys [1] .................2 
Figure 2:  5-year Aluminum vs. Magnesium price trend (USD/kg) [44] ............................3 
Figure 3: SEM micrographs of: (a) unalloyed Mg; (b) AZ31 alloy; (c) AZ80 alloy and (d) 
AZ91D alloy [8] ...................................................................................................................5 
Figure 4: Specific energy calculated as part of the crush tests up to a global displacement 
of 20 mm for rolled and extruded alloys [35]. .....................................................................7 
Figure 5: Specific energy calculated as part of the crush tests up to a global displacement 
of 200 mm for rolled and extruded alloys [35]. ...................................................................7 
Figure 6: Texture formation of Mg during rolling process ..................................................9 
Figure 7: TD-ND-TD-ND rolling process sketch [42]. .....................................................10 
Figure 8: Best four independent slip systems in magnesium alloys [57]. .........................11 
Figure 9: Schematic of extension twinning during compression or tension [49]. .............12 
Figure 10: Plastic anisotropy of magnesium alloys seen in a) stress/strain response and b) 
work hardening rate with strain [47]. .................................................................................16 
Figure 11: Morphology and orientation schematic of twins generated in rolled 
magnesium by pre-strain along b) ND and c) TD directions [45]. ....................................17 
Figure 12: Plot of normal anisotropy as a function of sample orientations at room 
temperature [41]. ................................................................................................................18 
Figure 13: Normal anisotropy as a function of temperatures and sample orientations (RD, 
TD, and 45°) at ε~0.11 [41]. ..............................................................................................19 
Figure 14: Schematics for machining a) extruded and b) rolled specimens [33]. .............20 
iii 
   
Figure 15: Schematics depiction of micro-shear band formation and subsequent dynamic 
recrystallization [23]. .........................................................................................................22 
Figure 16: a) Experimental setup for macro and micro-DIC of rolled magnesium AZ31B 
and b) volumetric interpretation of results [24]. ................................................................23 
Figure 17: Schematic of NDT experimental setup at Drexel’s TAMG. ............................24 
Figure 18: Volume of primary excitation and scattering processes [25]. ..........................25 
Figure 19: Components of an EBSD system [28]. .............................................................26 
Figure 20: a) original diffraction pattern, b) Hough transform of pattern, c) detected peaks 
in Hough transform, d) corresponding Kikuchi bands found on pattern, and e) indexed 
diffraction pattern [28]. ......................................................................................................27 
Figure 21: Pole figure a) spherical angles and b) sample intensity. ..................................28 
Figure 22: Intensity field both undeformed and deformed configurations [13] ................30 
Figure 23: Computed whole-field cross-correlation when the deformed image is subjected 
to (a) rigid body motion, and (b) 20° relative rotation [11]. ..............................................31 
Figure 24: AE features on a waveform. .............................................................................34 
Figure 25: Schematic of the process for recording elastic waves. .....................................35 
Figure 26: The causal chain of acoustic emission signal analysis [16]. ............................37 
Figure 27: Hardware/software cross-validation setup. ......................................................40 
Figure 28: Schematic of compression test with AE setup [14]. .........................................42 
Figure 29: Evolution of twin size distribution of a pure magnesium compression test at 
1.67 x 10-4s-1 and 35 μm mean grain size [14]. ..................................................................43 
Figure 30: STFT of AE Signals of pure magnesium at a strain a) below 0.15% and b) 
above 0.9% strain [14]. ......................................................................................................44 
iv 
   
Figure 31: Tensile test sample orientations [15]. ...............................................................44 
Figure 32: a) True stress-true strain curve plotted with the AE response of the 
compression test, and b) Frequency centroid-rise time with three clusters [9] .................45 
Figure 33: Waveforms characteristic for a) twinning and b) dislocations [9] ...................46 
Figure 34: Compression schematics, part of the thermomechanical process. ...................47 
Figure 35: Grain size distribution for a) ND and b) RD texture areas seen in Figure 37. .47 
Figure 36: Sample geometry for AE testing (units: inch). .................................................48 
Figure 37: EBSD Map of tensile samples a) ND and b) RD loading directions. ..............48 
Figure 38: Frequency response of PICO sensor. ...............................................................49 
Figure 39: AE hit points plotted cumulative along the load vs. time curve and respective 
DIC strain map for both a) RD compression and b) ND compression [20]. .....................50 
Figure 40: a) RD compression mechanical behavior at both full and zoomed in scales, 
and the Zone 1 cumulative AE hit count separated by peak frequency and time segments 
of b) 0-2s, c) 0-4s, and d) 0-6s. ..........................................................................................51 
Figure 41: a) RD compression mechanical behavior at both full and zoomed in scales, 
and the Zone 2 cumulative AE hit count separated by peak frequency and time segments 
of b) 10-12s, c) 10-14s, and d) 10-16s. ..............................................................................52 
Figure 42: a) ND compression mechanical behavior at both full and zoomed in scales, 
and the Zone 1 cumulative AE hit count separated by peak frequency and time segments 
of b) 0-2s, c) 0-4s, and d) 0-6s. ..........................................................................................54 
Figure 43: a) Classes shown in PP3 vs. Peak Frequency plot, and b) R, τ plotted against 
number of classes. ..............................................................................................................56 
v 
   
Figure 44: a) Class 1 and 3 AE hits shown in a continuous regime, and b) class difference 
in amplitude. ......................................................................................................................57 
Figure 45: ND & RD tension AE hits plotted continuously in the load vs. time plot. ......58 
Figure 46: K-means class distribution inside 450-550 kHz peak frequency segment. ......58 
Figure 47: Blue class a) burst and b) continuous type emissions. .....................................59 
Figure 48: Waveform representative of twin nucleation. ..................................................60 
Figure 49: True stress-strain curves of compression test for AZ31 magnesium alloy 
samples with different grain sizes [22]. .............................................................................64 
Figure 50: 55μm ‘coarse-grained’ AZ31 sample at a 0.015 plastic strain. Extension twin 
boundaries are seen in red [22]. .........................................................................................65 
Figure 51: Microstructure of pure Mg during compression. (a) No deformation, (b-f) after 
continuous compression steps of ~1% engineering strain, (g) IPF map, (h) KAM map, 
and (i) IQ map [46]. ...........................................................................................................66 
Figure 52: Sample geometry for strain localization testing (units: inch) ...........................67 
Figure 53: EBSD Map of tensile samples a) ND and b) RD loading directions. ..............69 
Figure 54: Grain size distribution for a) ND and b) RD texture area seen in Figure 56. ...70 
Figure 55: Strain localization evolution for a) ND and b) RD tension. .............................71 
Figure 56: Stress-strain response for a) ND and b) RD tension tests ................................72 
Figure 57: Ratio between average strain of DIC shear band field of view (FOV) and full 
FOV for a) ND tension and b) RD tension. .......................................................................72 
Figure 58: Average strain evolution within 0.2% engineering strain inside of notched area 
(speckle pattern) for a) RD tension and b) ND tension. ....................................................73 
vi 
   
Figure 59: Strain localization for ND tension at a) 0.0012, b) 0.0013, and c) 0.0014 
engineering strain. ..............................................................................................................74 
Figure 60: Strain localization for RD tension at a) 0.0013, b) 0.0014, and c) 0.0029 
engineering strain. ..............................................................................................................74 
Figure 61: DIC stage for presented ex situ EBSD scans ...................................................76 
Figure 62: Progressive EBSD line scan around notch area for ND tension. .....................76 
Figure 63: EBSD-IQ scan around edge of shear banded region (ND tension). .................77 
Figure 64: EBSD-IQ showing highlighted a) lattice orientation and b) extension twins. .78 
Figure 65: EBSD-IPF scan inside shear banded region (ND tension). ..............................78 
Figure 66: a) DIC stage for presented ex situ EBSD scan, and b) EBSD-IPF + Pole Figure 
of RD tension after straining. .............................................................................................79 
vii 
   
ABSTRACT 
Microstructurally-driven Investigation of Strain Localization in 
Wrought Magnesium Alloys 
 
Michael Cabal 
Antonios Kontsos, Ph.D. 
 
Despite frequent observations of strain localization, the formation of shear bands, their 
development, and overall contribution to rolling and recrystallization textures is still not 
understood from both material and mechanics perspectives. To understand 
microstructure-specific mechanisms responsible for local (micro) plasticity, as well as 
shear band formation and development in magnesium alloys, full field strain 
measurements provided by Digital Image Correlation (DIC), were coupled with Acoustic 
Emission (AE) monitoring. Mechanical testing was performed to samples with two 
different rolling sheet textures. Controlled specimen geometry provided an a priori 
defined strain localization zone that assisted in minimizing the unknowns. Electron back 
scattered diffraction (EBSD) results on the role of twinning in shear band formation and 
associated strain measurements are reported. This provided the means to implement a 
microstructurally-validated and feature-based AE analysis and classification of extension 
twinning. Such quantified information demonstrated the effect of texture in shear band 
formation and provided evidence on possible slip-twin interactions at early stages of 
plasticity in Mg alloys. The reported results create the framework for further in situ 
investigations of microstructure evolution and its role in Mg micro-plasticity, while it 
further provided results that could be used to validate hypotheses in multiscale 
computational modeling approaches. 
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CHAPTER 1:  INTRODUCTION 
1.1 USES OF MAGNESIUM ALLOYS AND THESIS MOTIVATION 
The automotive industry has high demands for reduced emissions and fuel economy, both 
of which could be achieved to some degree by vehicle weight reduction. Compared to 
other alternative materials, the use of magnesium (Mg) alloys could results in weight 
reductions up to 70% [1]. In fact, the use of Mg in automotive components is increasing, 
as improvements of forming processes are reported [3]. Magnesium’s light weight 
structure, which is 36% lighter per unit volume than Al and 78% lighter than Fe, is 
responsible for its high strength-to-weight ratio compared to other structural metals and 
alloys, and therefore Mg is a suitable material for automotive use. However, Mg alloys 
are currently used in relatively small quantities in the automotive industry, mostly in die 
castings [2], due to difficulties encountered in forming and other manufacturing 
processes. These difficulties are related to the lack of good understanding and control of 
the mechanical behavior and microstructure of such alloys, which is the motivation for 
the research in this thesis. 
Worldwide, approximately 52 million cars are produced each year. Magnesium has been 
playing a greater role in that production since the 90s [38].  Currently, most of the 
available Mg is used for alloying aluminum and only 34% is directly used for Mg-based 
parts. The majority of these parts (98.53%) are used in casting applications, leaving the 
rest to wrought Mg [1]. As shown in Figure 1, there is a 20 to 70% weight reduction that 
can be achieved in automotive components by the use of Mg alloys. This has prompted 
the United States Automotive Materials Partnership (USAMP) to increase the total 
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average vehicle Mg content from 12 lbs. (measured in 2005) to 350 lbs. by 2020 [40]. In 
this context, significant research is still needed on Mg processing, alloy development, as 
well as mechanical behavior characterization to achieve higher use of this promising 
structural material in the transportation industry. High cost has been a major obstacle in 
potential increments of magnesium use in the automotive industry. A lightweight part 
made of magnesium on a car may cost more than that of aluminum [1]. Figure 2 
illustrates the variation in prices for both aluminum and magnesium. Mg prices have 
overall declined in a five-year gap. Maintaining reasonable prices in Mg will lead to an 
increase use of Mg in the automotive industry. 
 
 
Figure 1:  Weight reduction of automotive components made of Mg alloys [1] 
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Figure 2:  5-year Aluminum vs. Magnesium price trend (USD/kg) [44] 
Magnesium alloys have good high-speed machinability and good thermal/electrical 
conductivity [37]. 
TABLE 1:  PHYSICAL PROPERTIES OF MG, AL, AND FE [1] 
Property Magnesium Aluminum Iron 
Crystal Structure HCP FCC BCC 
Density at 20°C (g/cm3) 1.74 2.70 7.86 
Coefficient of thermal expansion 20-100°C (x106/C) 25.2 23.6 11.7 
Elastic modulus (106 MPa) 44.126 68.947 206.842 
Tensile Strength (MPa) 240 320 350 
Melting point (°C) 650 660 1.536 
 
In addition to the physical properties reported in Table 1, Mg has good ductility, as well 
as better noise and vibration dampening characteristics than aluminum and excellent 
castability [1]. 
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Regarding strength, some Mg alloys have similar yield strength and ductility as their Al 
counterparts. However, there are some disadvantages of current Mg alloys, mainly related 
to creep and corrosion resistance. Consequently, new Mg alloys with improved creep 
resistance are being developed for elevated temperature applications. Other properties of 
Mg, such as higher thermal expansion and lower electrical conductivity compared to Al, 
are currently considered in designing automotive magnesium components [43]. 
1.2 PROCESSING AND FORMING FOR MAGNESIUM ALLOYS 
Over the past 30 years, alloy design development, new surface treatments and improved 
knowledge of corrosion mechanisms have led to an increase of the real and potential 
applications of Mg alloys [8]. The continuous research in magnesium alloying and its 
impact in corrosion behavior, can lead to compositions capable of reducing the corrosion 
rate. Pardo et al. [8] studied the corrosion behavior of commercial magnesium/aluminum 
alloys using electrochemical and gravimetric tests in 3.5 wt. % NaCl at room 
temperature, mimicking a marine environment. Table 2 shows the composition of the 
unalloyed and alloyed materials tested using energy dispersive X-ray analysis (EDX). 
 
TABLE 2:  COMPOSITION OF MATERIALS TESTED FOR CORROSION [8] 
Material Chemical Composition (wt. %) 
 Al Zn Mn Si Cu Fe Ni Ca Zr Others
Mg (99%) 0.006 0.014 0.03 0.019 0.001 0.004 <0.001 - - - 
AZ31 3.1 0.73 0.25 0.02 <0.001 0.005 <0.001 <0.01 <0.001 <0.30 
AZ80 8.2 0.46 0.13 0.01 <0.001 0.004 - - - <0.30 
AZ91D 8.8 0.68 0.30 0.01 <0.001 0.004 <0.008 - - <0.30 
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Figure 3 shows the SEM microstructure of the unalloyed and alloyed magnesium 
specimens. Unalloyed Mg shows only the grain structure, while AZ31, AZ80, and 
AZ91D show MnAl2, α-Mg solid solution + Mg17Al12, and α-Mg + eutectic α-
Mg/Mg17Al12 inclusions, respectively.  
 
Figure 3: SEM micrographs of: (a) unalloyed Mg; (b) AZ31 alloy; (c) AZ80 alloy 
and (d) AZ91D alloy [8]  
The increase of the aluminum concentration in the composition of the alloys reduced the 
activity of the pure element (magnesium) under a corrosive environment. Nonetheless, 
AZ31 still exhibited high corrosion rates. The improvements in corrosion resistance were 
acquired by either the dual mechanisms (α-matrix dissolution + aluminum enrichment) or 
the formation of a different solidification microstructure [8]. In each case, such alloying 
mechanisms provide either a protective layer or a different type of microstructure that 
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restricts corrosion. Similarly, coatings can be applied to Mg alloys in order to improve 
corrosion and wear resistance.  
For automotive structural components, manufacturers need to access energy absorption 
and structural integrity following detailed criteria. The criterion includes the vehicle’s 
deformation pattern, acceleration experienced during impact, and the probability of injury 
predicted using dummy human models. Recently, Steglich et al. [35] studied the 
crashworthiness of simple magnesium, AZ31 and ZE10, structures (hollow rectangular 
profiles) experimentally and numerically. The authors also used an aluminum alloy 
(Al6060) profile for comparison. The structures were compressed at room temperature 
with a 10 mm/min velocity, which resulted in a strain rate of 5.2 x 10-4s-1. Buckling 
reduction techniques were also utilized.  
Unlike in Al alloys, the progressive hardening of Mg alloys allows a gradual formation of 
buckles. A constitutive model using Hills plastic potential and an isotropic hardening law 
obtained from the compression experiments was implemented in ABAQUS. In order to 
compare the performance of the different materials, the specific mechanical work was 
calculated. The specific energy absorption is shown below in equation (1).  
ܹ ൌ ଵ௠׬ ܨሺݑሻ݀ݑ
௨
଴      (1) 
Figure 4 shows the specific energy for the rolled and extruded configurations. There are 
small differences between the RD and TD cases for the rolled configuration due to plastic 
anisotropy. Since the extruded materials have a higher work hardening rate, they display 
an increase in crushing force. Similarly, Figure 5 shows that for large deformations, 
aluminum alloys have higher energy absorption. Magnesium wrought alloys show higher 
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energy absorption than the reference aluminum 6060 alloy as long as a certain global 
strain is not exceeded. Hence, Mg alloys provide advantages in terms of expected 
crashworthiness. However, use of current joining technologies (welding) and defects in 
wrought Mg alloys could reduce the capability of Mg for energy absorption [35], which 
needs to be considered in further research and development efforts. 
 
Figure 4: Specific energy calculated as part of the crush tests up to a global 
displacement of 20 mm for rolled and extruded alloys [35]. 
 
Figure 5: Specific energy calculated as part of the crush tests up to a global 
displacement of 200 mm for rolled and extruded alloys [35]. 
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Forming behavior in magnesium is poor at room temperature. Although Mg is quite easy 
to form, due to its crystal structure, its forming temperatures must be relatively higher 
than steel and aluminum. Most conventional forming processes can be performed when 
magnesium is heated between 230°C to 370°C [1]. The hexagonal close packed [HCP] 
structure of magnesium requires elevated forming temperatures to activate more slip 
systems that will allow improved formability. However, achievements in room 
temperature formability will pave the way for lower energy consumption during 
processing. The poor formability is due to the limited number of equivalent plastic slip 
systems in Mg. At room temperature, the dominant slip system is the basal one in the <a> 
direction, due to the higher order of critical resolved shear stresses (CRSS) needed in the 
other deformation systems. Therefore, twinning which is a deformation system with a 
polar nature (different development in tension and compression) fulfils the needed 
mechanisms to achieve homogeneous deformation [10]. However, rolled Mg sheets 
present a strong crystallographic texture, which causes plastic anisotropy and asymmetry 
consisted of yield stresses different in tension and compression. This is referred as the 
strength differential (SD) effect [36].  
A crystallographic representation of rolled Mg can be seen in Figure 6. This figure 
indicates that two types of textures (initial and twin texture) coexist in the material when 
it is being compressed along the process direction.  
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Figure 6: Texture formation of Mg during rolling process 
In this context, it should be noted that there are various techniques to improve mechanical 
properties of Mg alloys through rolling, for example: following a procedure of pre-
loading, annealing, and differential speed rolling. The latter is a promising approach to 
adjust the anisotropy of e.g. AZ31 alloys [42]. It has been further suggested that rolling 
fracture is strongly affected by initial texture. Therefore, in order to increase the 
rollability of Mg alloys, new rolling processes have been proposed. For instance, Figure 7 
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shows the proposed rolling approach that has been reported to largely reduce pass 
amounts and improve quality. Overall, though Mg rate production is 1/40th that of Al, it is 
continuously growing [34]. 
 
Figure 7: TD-ND-TD-ND rolling process sketch [42]. 
1.3 TWINNING IN MAGNESIUM ALLOYS 
In HCP metals like beryllium, magnesium, cadmium and zinc the Critical Resolved Shear 
Stress (CRSS) for basal slip is low, therefore slip takes place mainly on the 0001  basal 
plane [17]. Depending on the c/a ratio and imposed loading, slip on the prismatic and 
pyramidal plane can also become important. Both of these two non-basal slip modes 
provide deformation parallel to the basal plane only, i.e. along the <a> direction, 
therefore these slip systems cannot resolve strain along the c-axis [18, 19]. Consequently, 
only deformation twins as well as <c+a> slip can accommodate such strain applied along 
the c-axis. 
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Figure 8: Best four independent slip systems in magnesium alloys [57]. 
All six possible degrees of freedom must be accounted for by the deformation systems. 
Hydrostatic stress, however, cannot be accounted for a general plastic deformation state, 
as its strain tensor formulation equals zero, according to the equation below, where m, n, 
and γ are the slip direction, the normal direction, and the plastic crystal strain 
respectively. 
ߝ௜௜௦ ൌ ଵଶ ߛ௦ሺ2݉௜݊௜ሻ ൌ 0    (2) 
Since the hydrostatic stress cannot be accounted, that leaves the possibility of at least five 
independent deformation systems to be activated with a single degree of freedom.  
The combination of all systems having <a> (i.e. <112ത0>) directions provides at best four 
independent slip system, all delivering deformation within the basal plane. Thus they do 
not satisfy the von Mises criterion of five independent slip systems for homogeneous 
deformation. Since the activation of <c+a> is rather difficult at room temperature, 
deformation twinning accommodates deformation out of the basal plane [9]. This means 
that besides (a) through (d) of Figure 8, to meet the requirements, twinning should be 
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accounted for as the fifth independent deformation system. In this context, extension 
twinning can be seen in Figure 9 below. 
 
Figure 9: Schematic of extension twinning during compression or tension [49]. 
As a result of twinning, a region of the crystalline body undergoes a homogeneous shape 
deformation leading to a resulting product structure which is identical to that of the 
parent, but oriented differently [31]. The importance of twinning becomes increasingly 
apparent in explaining the mechanical behavior of many polycrystalline materials. For 
example, when twinning occurs, the lattice inside the twin is realigned into a specific 
orientation where the slip planes are more favorably aligned with respect to the applied 
stress [32]. Table 3 shows the slip and twin systems in magnesium. 
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TABLE 3:  SLIP AND TWIN SYSTEMS IN MG [19] 
 Slip/twin plane Direction # of systems Shear 
Basal ሺ0001ሻ ൏112ത0൐ 3 ‐
Prismatic ሼ101ത0ሽ ൏112ത0൐ 3 ‐
Pyramidal <a> ሼ101ത1ሽ ൏112ത0൐ 6 ‐
Pyramidal 
<c+a> ሼ102ത2ሽ ൏112ത3൐ 6 ‐
Extension twin ሼ101ത2ሽ ൏111ത1൐ 6 0.129
Compression 
twin ሼ101ത1ሽ ൏111ത2ത൐ 6 0.138
 
It has been also argued that ductility of polycrystalline HCP materials may not require 
five independent slip systems, but that the internal stresses set up at grain boundaries may 
be relieved by localized deformation twinning [39]. It is, however, important to know that 
twin formation is sensitive to the texture, grain size, temperature, alloying elements, and 
strain rate.  
1.4 TARGETED RESEARCH IN THIS THESIS 
This master thesis focuses on the microstructural effects that lead to heterogeneous 
deformation, and consequent differences in the overall plasticity of Mg alloys. In order to 
achieve significant improvements of Mg alloy processing and forming procedures 
suitable for use in the automotive industry, the underlying deformation mechanisms that 
are responsible for the room temperature plasticity of Mg alloys need to be monitored and 
understood. The aim of this thesis is, therefore, to expand on the current scientific 
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understanding of the plasticity in Mg alloys, particularly the role of twinning in strain 
localizations observed during early stages of plasticity and their relationship to textures 
produced during processing. 
1.5 THESIS STRUCTURE 
In this thesis, chapters are separated into: introduction, background & state of the art, 
thesis hypothesis, results, and concluding remarks/future work. Chapter 1 provided 
details related to the strong interest in Mg alloys for applications in the automotive 
industry, and the motivation for this research in the context of understanding the plastic 
behavior. Chapter 2 provides the necessary background information on the NDT 
techniques, and other related tools, used in this work.  
Chapter 3 presents and explains the hypothesis made in this thesis. Chapter 4 presents 
results related to the acoustic emission characteristics of twinning and demonstrates the 
effectiveness of this technique to monitor the activation and development of deformation 
systems in Mg alloys. Chapter 5 presents results that target to describe the connection 
between twinning and shear banding. Finally, Chapter 6 includes a summary of the 
original contributions achieved in this thesis and describes some relevant ongoing and 
future work. 
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CHAPTER 2:  BACKGROUND & STATE OF THE 
ART 
2.1 MECHANICAL BEHAVIOR OF MG ALLOYS 
As discussed earlier, the main manufacturing issue of Mg is its poor formability at room 
temperature, which is directly related to its overall plasticity. This chapter provides an 
overview of the mechanical behavior of magnesium and its alloys. Specifically, the 
mechanical behavior which generally depends on processing as well as specimen 
preparation will be discussed, by presenting the related state-of-the-art with emphasis on 
the influence of crystallographic orientations on the deformation behavior in both 
extruded and rolled wrought magnesium alloys. In addition, the relationship between 
measured macroscopic mechanical properties and twinning activity is a current topic of 
great technological interest. To this end, Chapters 4 and 5 focus on the overall 
understanding of deformation twinning activity on the mechanical behavior and plasticity 
of Mg alloys.  
2.1.1 PLASTIC ANISOTROPY & ASYMMETRY 
Depending on the application, plastic anisotropy can have positive or negative 
consequences. In applications that require bending, the tensile and compressive stress 
difference produced at either side of the material will allow plastic deformation to occur 
in one side first. In wrought metals, this anisotropy is undesirable as it implies that the 
material might be used inefficiently [34]. Figure 10 below is a visual example of plastic 
anisotropy; tensile loading of the material in different directions produces a varying 
plastic response. For the results in this figure, 10, 16, and 7 tensile tests were performed 
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in three directions: rolling (RD), normal to rolling (ND), and 45° tilt from the ND to RD, 
respectively.  
 
Figure 10: Plastic anisotropy of magnesium alloys seen in a) stress/strain response 
and b) work hardening rate with strain [47]. 
Experimentally, it is observed that deformation twinning can strengthen, and in under 
some circumstances weaken, the material [39]. Due to the polarized nature of twinning, 
strongly textured Mg alloys also exhibit a tension/compression asymmetry, due to which 
the yield strength of the same sample changes significantly based on tensile/compressive 
loading.  
As it was seen in Figure 7 of Chapter 1, pre-compression along TD or ND directions is a 
simple and effective method to generate twinned magnesium alloys. Such twinned 
magnesium plate, as seen below in Figure 11, can be designed to control the 
aforementioned plastic anisotropy. Specifically, pre-twinning can result in changes of 
grain orientation and twin lamellae essentially subdivide grains. Therefore, pre-twinning 
can induce texture hardening. By pre-twinning, it has been found that there is a reduction 
of the average plastic strain ratio (r-value) which enhances the average strain hardening 
a) b)
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capacity. It has been further shown that a low r-value, also known as the degree of 
anisotropy, and a high strain hardening capacity are beneficial to stretch the formability 
limits at room temperature [45].  
 
Figure 11: Morphology and orientation schematic of twins generated in rolled 
magnesium by pre-strain along b) ND and c) TD directions [45]. 
In this context, Agnew and Duygulu [41] developed mechanistic explanations for the 
plastic behavior of a wrought magnesium alloy by using a combination of experimental 
and simulation techniques. Unlike single crystal approaches, their research provided 
evidence on the role of grain boundaries in the activation of deformation mechanisms in 
Mg alloys. Parameters affecting the practical sheet formability, such as strain hardening 
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rate (eq. 3), strain rate sensitivity (eq. 4), and the degree of anisotropy (eq. 5) are defined 
below, where the strain hardening rate and strain rate sensitivity are characterized via a 
power law exponent n and m, respectively. εw and εt denote strains in the tensile sample’s 
width and thickness directions. 
ߪത ൌ 	ܭଵߝ௣̅௡     (3) 
ߪത ൌ 	ܭଶߝ̅ሶ௣௠     (4) 
ݎ ൌ 	 ఌೢఌ೟      (5) 
Figure 12 below shows the variations of the r-value with change in sample orientations 
within the rolling plane.  
 
Figure 12: Plot of normal anisotropy as a function of sample orientations at room 
temperature [41]. 
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While RD samples (0 degrees) exhibit high anisotropy, r ~ 2.0, TD samples (90 degrees) 
exhibit an even higher anisotropy, r ~ 4.0, at room temperature. The r-value as well as the 
average r-value as a function of temperature and sample orientation can be further 
examined in Figure 13. As the temperature increase, the r-values for the TD samples drop 
and become closer to the RD samples. This result further illustrates the improved forming 
behavior of magnesium and its alloys at high temperatures. However, it is important to 
reiterate that the research motivation in this thesis is related to ways for improved room 
temperature formability.  
 
Figure 13: Normal anisotropy as a function of temperatures and sample orientations 
(RD, TD, and 45°) at ε~0.11 [41]. 
The plastic anisotropy of a rolled sheet is usually characterized using 
tension/compression test coupons cut at various angles along the plane of the sheet. Most 
recently, Ishihara et al. [33] studied the anisotropy of the fatigue behavior of both 
extruded and rolled AZ31 magnesium alloys. Specimens parallel and perpendicular to 
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rolling and extrusion directions were cut in order to perform rotating bending fatigue 
tests. The fatigue testing was completed at room temperature with a 30 Hz frequency and 
a stress ratio of -1. Figure 14 below shows the schematic illustrations for machining the 
aforementioned specimens.  
 
Figure 14: Schematics for machining a) extruded and b) rolled specimens [33]. 
The mechanical properties of the materials used in the study are shown below in Table 4. 
TABLE 4:  MATERIAL PROPERTIES EXTRUDED AND ROLLED AZ31 [33] 
Specimen Yield Strength Ten./comp. strength (MPa) 
Elongation 
(%) 
Young’s 
modulus (GPa) 
Extruded Mg alloy AZ31 
E – Tension 
Compression 
200 
128 
275 
230 
11 
- 
45 
45 
T – Tension 
Compression 
170 
92 
235 
187 
16 
- 
45 
45 
Rolled Mg alloy AZ31 
R – Tension 
Compression 
140 
74 
257 
374 
26 
- 
45 
45 
T – Tension 
Compression 
165 
72 
256 
418 
28 
- 
45 
45 
S – Tension 
Compression 
105 
124 
320 
301 
9 
- 
45 
45 
a) b)
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In terms of the extruded samples, the authors show a clear 30% and 20% difference 
between the fatigue lives and fatigue limit, respectively, of specimens E and T. Similarly, 
for the rolled samples, the fatigue life of the perpendicular direction (S) is shorter. 
However, there are no differences in the fatigue limit. Optical observations revealed 
minimal microstructural differences between the TD-RD, ND-TD, and TD-RD planes. 
Furthermore, the S specimen was found to have pronounced deformation twinning 
activity, which could be explained by the fact that the tensile loading was directly applied 
to the c-axis. Therefore, the resulting texture due to twinning is said to play an important 
role in anisotropy in both the monotonic and cyclic behavior in rolled magnesium alloys 
[33].  
2.1.2 SHEAR BANDING IN MG ALLOYS 
There have been many observations of shear bands in magnesium alloys. In 1976, shear 
banding was considered as a type of instability of the plastic flow leading to rupture that 
can be predicted in terms of the pre-localization constitutive relations of the material. 
However, an alternative hypothesis was also alluded to in which a strong local 
inhomogeneity concentrates deformation in its vicinity and causes localization [30]. 
In this context, Changizian et al. [23] inspected the microstructure of an AZ81 
magnesium alloy ABE-processed material. The contribution of mechanical twinning in 
accommodating the imposed strain was investigated. The authors reported that even 
though there was extensive twin formation, the severe imposed strain tended to be 
localized in micro-shear bands. Figure 15 shows the proposed sequence of micro-shear 
banding due to deformation twinning. Specifically, the process starts with the formation 
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of several parallel twin bands and mutual intersection of twins in a neighborhood of 
grains.  Since there are high misorientation angles associated with twinning, such twins 
ultimately act as barriers to overall dislocation movement within original grains [48]. 
Therefore, possibly occurring dislocation pile ups may cause high strain concentrations, 
which will then lead to micro-shear band formations.  
 
Figure 15: Schematics depiction of micro-shear band formation and subsequent 
dynamic recrystallization [23]. 
The localization of plastic flow was also investigated with the use of Digital Image 
Correlation (DIC) by Aydiner and Telemez [24] who developed a multi-scale DIC setup 
to study the formation of shear banding on two orthogonal faces. The setup can be seen in 
Figure 16a. An AZ31B compression sample with a 50 μm average grain size was 
gradually strained. The authors suggested that each compressive strain increment can be 
mainly accommodated by the emergence of a limited band in the sample, leaving the rest 
of the volume insensible to that strain increment. Reported micrographs in this 
investigation show the local accommodation of strain by the coordinated emergence of 
twins. In the observed grains, twin activity also creates a pronounced deformation step on 
the surface; as also reported recently by Hazeli et al. [64]. The volumetric interpretation 
of the results is shown in Figure 16b, below. 
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Figure 16: a) Experimental setup for macro and micro-DIC of rolled magnesium 
AZ31B and b) volumetric interpretation of results [24]. 
In conclusion, relevant multi-scale measurements confirm a local accommodation of 
strain in Mg alloys by the formation of strain bands, which are related also to deformation 
twinning activity and other microstructural features including texture. 
2.2 NDE METHODS IN MECHANICAL BEHAVIOR 
CHARACTERIZATION 
Nondestructive testing (NDT) methods include widely utilized and well established 
procedures to evaluate, determine and quantify the ability of a material (i.e. a specimen, a 
part, or a structure) to sustain loading. These methods have been also used for material 
characterization and determination of physical/mechanical properties. Most importantly, 
for the work shown herein, these techniques can detect types of in-homogeneities in a 
material and their progressive development leading to ultimate failure. This section 
describes the various NDT methods that have been used for qualitative and quantitative 
understanding of the magnesium’s anisotropic behavior.  
a) b)
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Figure 17: Schematic of NDT experimental setup at Drexel’s TAMG. 
2.2.1 MICROSCOPY 
Modern microscopes allow more than mere observation of transmitted light images of a 
sample. There are many techniques becoming available which can be used to extract 
other kinds of data; most of these techniques requiring equipment beyond that of a basic 
compound microscope. For instance, confocal microscopy can produce quantitative 
descriptions of topographical details. In addition, the ability of light interferometry 
systems to create sharp optical sections makes it possible to build 3D renditions of 
specimens from 2D images. Hence, data gathered from a series of optical sections imaged 
at short and regular intervals along the optical axis are used to create the 3D 
reconstruction [27].   
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The microstructure in this thesis has been characterized using Scanning Electron 
Microscopy (SEM). In SEM, electron waves can be used for imaging. As seen in Figure 
18, the generated high energy electron wave can penetrate the surface of a material and 
interact in a variety of elastic and inelastic scattering processes. Consequently, several 
signals are generated as a result of scattering.  
 
Figure 18: Volume of primary excitation and scattering processes [25]. 
Specifically, back-scattered electrons (BSE) in a SEM may be used to determine the 
crystallography of polycrystalline samples through the electron backscatter diffraction 
technique (EBSD). To achieve this, a flat and polished sample is placed in the SEM 
chamber at a tilted angle (70o from the horizontal) towards the diffraction camera.  The 
recommended 70o angle degree is considered ideal because it maximizes the yield of 
backscattered electrons in the direction of phosphor screen. The components of an EBSD 
system are shown in Figure 19. 
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Figure 19: Components of an EBSD system [28]. 
Once the electrons impinge on the crystalline sample, they interact with individual lattice 
planes. These interactions must satisfy the Bragg’s diffraction condition as shown in 
equation (3), where d, λ, and n are the interplanar distance between lattice planes, the 
wavelength of the incident wave, and a positive integer.  
sinሺߠሻ ൌ ௡ఒଶௗ     (3) 
Such interactions produce backscattering diffraction which is directed toward a phosphor 
screen, where the CCD camera detects the fluorescent pattern. The resulting pattern 
27 
 
consists of a large number of intersecting bands, known as Kikuchi lines, which represent 
the unique crystallographic properties of the crystal. In Figure 20, the sequence of 
automated steps used to calculate the crystal orientations from the Kikuchi bands of the 
diffraction pattern are shown.  
 
Figure 20: a) original diffraction pattern, b) Hough transform of pattern, c) detected 
peaks in Hough transform, d) corresponding Kikuchi bands found on pattern, and e) 
indexed diffraction pattern [28]. 
Interpretation of the Kikuchi patterns is needed to determine the crystallographic 
orientation of the sample. A Kikuchi diffraction pattern presents valuable information, 
such as lattice strains and grain/phase boundaries, which enable discrimination between 
low-angle from high angle boundaries, and the estimation of grain size distributions. 
Grain boundaries are characterized by the misorientation axis and angle, as well as the 
boundary plane. In crystal orientation mapping, a grain is regarded by the collection of 
neighboring pixels in the map, which must have a misorientation less than a prescribed 
threshold angle. Even though the degree of rotation between neighboring pixels depends 
on the step size used in the EBSD grid, as well as the intergranular rotation in the 
specimen, cumulative rotations may be distinguished [29]. 
One of the most common post-processing methods is the Kernel type, in which the color 
of each pixel in the map is a function of the degree of the orientation change with respect 
to its neighbor [29]. Many engineering materials are an aggregate of randomly oriented 
a) b) c) d) e) 
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grains. The graphical representation of the orientation distribution of the crystallographic 
lattice plane is known as a Pole Figure (PF). More precisely, it is the frequency of 
occurrence of a given crystal plane normal per unit spherical area. The intensity of the 
pole figure (p) is calculated using equation (4) and can be seen below in Figure 21b.  
݌ሺߙ, ߚሻ ൌ 	∑ ∑ ܳ௟௠ ௟ܲ௠ሺܿ݋ݏߙሻ݁௜௠ఉ௟௠ୀି௟ஶ௟ୀ଴    (4) 
 
 
Figure 21: Pole figure a) spherical angles and b) sample intensity. 
Whereas the pole figure shows sample directions aligned with a particular 
crystallographic pole, an Inverse Pole Figure (IPF) does the opposite, indicating the 
crystallographic poles aligned with a specified sample direction [26].  
2.2.2 DIGITAL IMAGE CORRELATION 
Digital Image Correlation (DIC) is a surface deformation measurement technique which 
has been extensively used in solid mechanics research studies, as well as in structure 
a) b)
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evaluation. The experimental process for this non-contact technique involves speckle 
patterning of the monitored surfaces, image acquisition and analysis to extract full-field 
shape, deformation and motion measurements. The images of the monitored surface 
under inspection are digitally recorded using cameras with an acquisition controller. 
Subsequently, algorithms are implemented to calculate coordinates, and from these, 
displacements and strains using principles of Continuum Mechanics. This type of 
measurement covers a wide range of component scale magnitudes, from nanometers to 
several meters [5].  
The mathematical derivation of the DIC calculation of deformation using the method 
described next. A point “P” and a second point “Q” in a finite area called “subset” are 
considered before deformation, as shown in Figure 22.  After deformation, the subset 
center moves to points “p” and “q”, respectively.  It is important to note that a square 
subset is preferred rather than an individual pixel since the grayscale value (intensity) of a 
single pixel may be found at thousands of other pixels, causing errors to find the 
deformed coordinates.  Using the center of the subset then the deformed state at “p” can 
be expressed as: 
 
݂ሺ݌ሻ ൌ ݂൫ܺ ൅ ݑሺܲሻ, ܻ ൅ ݒሺܲሻ൯    (5) 
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Figure 22: Intensity field both undeformed and deformed configurations [13] 
where the X and Y are the reference horizontal and vertical Cartesian coordinates (lower 
cases of those refer to the deformed state) while u and v represent the horizontal and 
vertical displacement functions, respectively.  Using the same definition for point Q at 
position ሺܺ ൅ ݀ܺ, ܻ ൅ ܻ݀ሻ on the surface prior to deformation, the position after 
deformation can be given by: 
݂ሺݍሻ ൌ ݂ሺܺ ൅ ݑሺܳሻ ൅ ݀ݔ, ܻ ൅ ݒሺܳሻ ൅ ݀ݕሻ    (6) 
 
Under the assumption that the intensity pattern deforms without altering its local value 
due to deformation, then ݂ሺܳሻ ൌ ݂ሺݍሻ and the following relationship may be formulated 
݂ሺܳሻ ൌ ݂ሺܺ ൅ ݑሺܳሻ ൅ ݀ݔ, ܻ ൅ ݒሺܳሻ ൅ ݀ݕሻ   (7) 
Using equations (6) and (7) we can then write: 
݂ሺݍሻ ൌ ݂ ቂܺ ൅ ݑሺܲሻ ൅ డ௨డ௫ ሺܲሻ݀ݔ ൅
డ௨
డ௬ ሺܲሻ݀ݕ ൅ ݀ݔ, ܻ ൅ ݒሺܲሻ ൅
డ௩
ௗ௫ ሺܲሻ݀ݔ ൅
డ௩
ௗ௬ ሺܲሻ݀ݕ ൅ ݀ݕቃ (8) 
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It can be shown in equation (8) that by obtaining the displacements at center point “P”, 
then డ௨ௗ௫ ሺܲሻ and 
డ௨
డ௬ ሺܲሻ can be calculated.  Consequently, the coordinate description of any 
nearby point “p” and “q” is determined. By having the coordinates of the deformed state, 
the displacements at any point may be measured.  Although it is valid to assume that the 
shape of the reference subset alters in the deformed state, it is also acceptable to have a 
group of neighboring points in the reference subset to remain as neighboring points in the 
deformed state.   
 
Figure 23: Computed whole-field cross-correlation when the deformed image is 
subjected to (a) rigid body motion, and (b) 20° relative rotation [11]. 
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Therefore, it is important to quantify these dissimilarities of the reference and deformed 
states using the light intensity fields of the measured points.  Under the assumption that 
the neighboring points are stationary, sub-pixel interpolation schemes including bilinear 
and polynomial interpolation may be implemented [12]. Otherwise, the magnitude of the 
similarity may be quantified, other algorithms can be implemented such as Cross-
Correlation (CC) or Sum-Squared Difference (SSD), in which the accuracy of subset 
domain can be evaluated by a fine pixel by pixel search routine [5, 11, 13].  Such 
methods and other advanced algorithms can be applied accurately to most displacement 
cases but tend to be limited when large deformation distortion takes place between two 
subsets.  In these scenarios, some pixels of the reference subset are out of bounds of the 
deformed subset. Figure 23a displays a simple case of displacement, when only rigid 
body motion is involved [11]. As it can be observed, if only rigid body motion exists 
between the reference and deformed subsets, a single peak can be found in the correlation 
coefficient distribution. On the contrary, a 20o relative rotation occurs between the two 
states of deformation results in a correlation coefficient distribution map without any 
single dominant peak, shown in Figure 23b.  In order to address such challenges, 
optimization schemes such as the SSD are implemented [5].  The objective of the scheme 
is to determine how far the original subset moves. It is found that the SSD motion 
estimation method, which is based on minimizing the grayscale value difference between 
a small subset from on the reference image and the deformed/displaced state, has 
successfully achieved great results. Some of the main assumptions of the methodology 
are that no lighting changes occur between two images which denote that two states only 
differ by Gaussian random noise. Referring back to Figure 22, the reference state is 
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represented by F, and the deformed state by f.  In order to minimize the squared 
difference in gray values, known as SSD, over a neighborhood [5], equation (9) is used. 
݀௢௣௧ ൌ arg݉݅݊ ∑ห݂൫ݔ ൅ ݀̅൯ െ ܨሺݔሻหଶ  (9) 
where ݀ represents the displacement.  To solve for the optimal displacement vector, an 
iterative algorithm obtained by expanding the function into first-order Taylor series is 
suggested by [5] resulting in:  
߯ଶ൫݀௫ ൅ ∆௫, ݀௬ ൅ ∆௬൯ ൌ 	∑ ቚ݂൫ݔ ൅ ݀൯ െ డ௙డ௫ ∆௫ െ
డ௙
డ௬ ∆௬ െ ܨሺݔሻቚ
ଶ ݀௢௣௧ ൌ ܽݎ݃݉݅݊∑ห݂൫ݔ ൅ ݀̅൯ െ ܨሺݔሻหଶ  (10) 
where ݀௫ and ݀௬   indicate the current estimates for the average motion of the subset. 
Here, ∆௫ and ∆௬ are the incremental motion updates sought in the current iteration. 
Taking the partials of (10) with respect to ∆௫, ∆௬ and setting them equal to zero yields the 
following linear system for incremental updates of each iteration. 
൤∆௫∆௬൨ ൌ 	 ൦
∑ ቀడ௙డ௫ቁ
ଶ ∑ డ௙డ௫
డ௙
డ௬
∑ డ௙డ௫
డ௙
డ௬ ∑ ቀ
డ௙
డ௫ቁ
ଶ൪
ିଵ
቎
∑ డ௙డ௫ ሺܨ െ ݂ሻ
∑ డ௙డ௬ ሺܨ െ ݂ሻ
቏    (11) 
Equations (11) can be used to iteratively improve for given tolerance the estimate average 
motion in the ݌௧௛  iteration using ݀௣ାଵ ൌ 	݀௣ ൅	∆ until convergence to the optimal 
motion vector ݀̅௢௣௧  is reached (e.g. Linear system solving schemes such as Newton-
Raphson may be used). 
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2.2.3 ACOUSTIC EMISSION 
Acoustic Emission (AE) is formally defined as transient elastic waves that are produced 
within the material by the sudden redistribution of strain energy from localized sources 
due to plastic deformation, phase transformation, fracture, etc. Materials are known to 
emit elastic waves under applied external loading which can be picked by appropriate 
sensors.  The sources related to acoustic emission generation are always caused by 
external stimuli such as a change in load, strain, or temperature. Hence, actual AE 
sources are changes within the material which are mostly permanent and irreversible [6, 
7]. 
There are various AE features which can be used for analysis of the emissions recorded.  
These include counts, rise time, peak amplitude, duration, and many others as defined in 
Figure 24.  For instance, the counts are a weighted measure of acoustic emission of the 
number of times a recorded signal crosses the predefined amplitude threshold and the rise 
time is the time the signal takes from the threshold to the peak amplitude (highest point). 
 
Figure 24: AE features on a waveform. 
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The process of recording these waves is represented schematically as shown in Figure 25. 
As the waves move radially towards the boundary, a surface wave is created and then 
recorded by the transducer.  AE testing provides the dual advantage of being a technique 
for real time monitoring applications and an intelligent technique to pick up stress waves 
even from inaccessible locations. 
 
 
Figure 25: Schematic of the process for recording elastic waves. 
 
The basic theoretical formulation for the understanding of acoustic emission is given by 
the theory of elastic waves, which in general requires solving the momentum balance 
equation in the case of negligible Lagrangian inertia as seen in equation 12. 
 
ߩ డమ௨೔ௗ௧మ ൌ 	
డఙ೔ೖ
డ௥ೖ     (12) 
Where ρ is the material density, u is the displacement and ߪ௜௞ is the stress-tensor derived 
from the generalized formulation of Hooke’s law. In the case of isotropic materials, 
equation 12 can be simplified using Lame’s constants to equation 13 
Flaw
Load Load
Surface Wave
AE Transducer
36 
 
ߩ డమ௨ሬԦడ௧మ ൌ ሺߢ ൅ ߤሻ׏൫׏ሬԦ ∙ ݑሬԦ൯ ൅ ߤ∆ݑሬԦ   (13) 
The solution of equation (13) can then be formulated with scalar and vector potentials as 
seen below in equation (14), which then yields two independent wave equations in solid 
isotropic media, equations (15) and (16). 
ݑሬԦ ൌ 	׏߫ ൅ ׏ሬԦ	x	 ሬ߰Ԧ     (14) 
∆߫ ൌ ଵ஼ಽమ
డమచ
డ௧మ     (15) 
∆ ሬ߰Ԧ ൌ 	 ଵ஼೅మ
డమటሬሬሬԦ
డ௧మ 	     (16) 
Equations (15) and (16) introduce the longitudinal and transversal propagation velocities 
ܥ௅and ܥ்for an elastic waves. Consequently, a fraction of the transversal wave velocity is 
constitutes part of the Rayleigh (surface wave) velocity ܥோ. 
ܥ௅ ൌ 	ට ாሺଵି௩ሻఘሺଵା௩ሻሺଵିଶ௩ሻ    (17) 
ܥ் ൌ 	ට ாଶఘሺଵା௩ሻ     (18) 
ܥோ ൌ 	 ଴.଼଻ାଵ.ଵଶ௩	ଵା௩ ܥ்     (19) 
 
The sequence of events that lead to a detected acoustic emission signal can also be 
summarized as a flow chart as seen below in Figure 26. The process starts with a 
dynamic force field change at the source that emits wave propagations in the material, 
which eventually leads to a mechanical disturbance at the sensor site.    
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Figure 26: The causal chain of acoustic emission signal analysis [16]. 
The effect of material properties, inhomogeneities, geometrical arrangement of free 
surfaces, and loading conditions constitute some of the problems faced by acoustic 
emission. Moreover, the inherent complexity of the method includes the understanding of 
generating mechanism, and the physics of the mechanical-to-electrical conversion 
process of the sensor [16]. 
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CHAPTER 3:  THESIS HYPOTHESIS 
3.1 RESEARCH OBJECTIVE AND HYPOTHESIS 
Based on their significant potential for industrial applications, it is of particular interest to 
determine microstructure level mechanisms that are related to significant plasticity effects 
in Mg alloys and to successfully quantify local and global states of stress and strain and 
their evolution as a function of applied load. A limited amount of deformation systems, 
compared to other hcp metals, are available in Mg alloys at room temperature. The 
activation and interactions of some of these deformation systems lead to the development 
of significant internal stress mismatching, and therefore grain-scale strain heterogeneity.  
Specifically, crystallographic texture affects the activation and development of different 
types of mechanisms, through which a material can plastically deform, including slip and 
deformation twinning. Extension twins are formed by a reorientation of the crystal lattice 
to a direction nearly perpendicular to the applied load (~86.4°) [52]. Hence, extension 
twinning could reorient the crystal lattice to crystallographic orientations which introduce 
additional barriers to dislocation movement. It can be hypothesized that the plastic 
deformation on the small deformation resistance plane (basal plane) in Mg alloys is 
affected by the deformation twins’ reoriented c-axis effects on slip. In such case, it is 
possible that rapid strain localizations in the form of a shear bands could appear as a 
consequence of crystallographic texture and grain size effects on plastic flow. 
Consequently, both slip before twinning and slip after twinning could drastically affect 
plastic instabilities at early stages of plasticity in Mg alloys, which is also related to the c-
axis strain contribution of extension twinning.  
39 
 
Overall, the mechanisms associated with the formation of shear banding in magnesium 
are not well understood. Consequently, shear band formation has been associated with 
compression twinning [59], double-twinning [60], tension twinning [20], and rotational 
recrystallization [61]. However, these observations still impose several questions such as: 
(1) what is the effect of texture in the formation of shear bands? (2) How does twinning 
contribute to the shear band’s strain? (3) How does the local microstructure within a 
shear band evolve and what is its role in the overall plasticity of Mg alloys?  
3.2 PROPOSED APPROACH 
The investigation presented in this thesis was conducted using a variety of non-
destructive evaluation and characterization techniques. Specifically, the tools used 
include: the Acoustic Emission (AE) and Digital Image Correlation (DIC) NDT methods, 
as well as Scanning Electron Microscopy (SEM) and associated characterization 
techniques, including EBSD. The use of Acoustic Emission targets detection and location 
of plasticity effects in real time and across length scales. To this end, the evolution of 
texture with and without twinning is investigated in terms of data-trends in recorded AE 
activity. In addition to AE, DIC is used to determine and quantify characteristics of shear 
band formations. Such full field surface deformation measurements provide locations 
where the microstructure could be further examined in relation to associated micro- and 
macro-plasticity effects. Finally, ex-situ microscopic investigations at different load steps 
are further reported to quantify the role of microstructural changes related to the 
formation of strain localizations and their effect on the plasticity of Mg alloys.  
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Figure 27: Hardware/software cross-validation setup. 
The research approach summarized in Figure 27 is expected to (i) provide evidence on 
the contribution of twinning to strain localization in the form of shear banding, ii) link in-
situ local plasticity effects to global states of stress and strain, iii) allow to capture more 
than one data set of local (microstructural) events, and finally iv) provide “hot spots” 
defined by shear bands that will assist in minimizing scanning time and location 
selection.
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CHAPTER 4:  ACOUSTIC EMISSION OF 
TWINNING 
4.1 INTRODUCTION 
The acoustic emission method can detect energy released during local irreversible 
changes in the material microstructure. The method has been used for the investigation of 
the activation and interactions of dominant deformation and damage systems [9, 10, 14, 
15]. Twin nucleation has been reported to produce much stronger AE signals, which is 
explained by the fact that the reorientation of the crystal lattice releases more energy than 
e.g. the motion of dislocations. In fact, twinning is activated easier with increasing grain 
size. A comprehensive literature review, that includes the characterization of Acoustic 
Emission of twinning using rise time as one of the clustering parameters, will be followed 
by a newly created data cleansing approach to reduce unwanted AE signals. This 
approach coupled with the microscopic investigation following full field strain 
measurements targets the description of the role of twinning in both micro- and macro-
plasticity effects in Mg alloys. 
4.2 RELATED STATE OF THE ART 
Qualitative and quantitative twinning studies using acoustic emission have been reported. 
Specifically, Li and Enoki [14] used cylindrical specimens made of pure magnesium with 
a mean grain size of 35μm, 150μm, and 300μm which they used for compression tests 
parallel to the extrusion direction using different strain rates (1.67 x 10-5s-1, 1.67 x 10-4s-1, 
and 1.67 x 10-3s-1). The experimental setup used in this investigation can be seen in 
Figure 28. 
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Figure 28: Schematic of compression test with AE setup [14]. 
The AE signals were detected using a low-noise AE sensor (M304A, Fuji Ceramics, 
Japan). True stress-true strain curves at different strain rates and grain sizes showed the 
mechanical behavior response that exhibited both Hall-Petch and Reverse Hall-Petch 
effects. It was further found that the yield stress decreased with larger grain size, but 
higher values of stress were observed after 4% true strain. Similarly, higher strain rates 
lead to higher stresses [14]. These results are noted due to the importance of 
understanding the relationship between twinning, grain size, and strain rates which will 
eventually lead to the final conclusions in this chapter. Overall, it could be said that 
twinning is more favorable at larger grain sizes and higher strain rates [50, 51].  
The dependence of the strain and twin size distribution is plotted in the contour map of 
Figure 29, which illustrates the percentage of twins with a specific length as a function of 
applied strain. Specifically, before 0.5%, the peak twinning length was found to be 
smaller than the mean grain size of the sample (35μm). Subsequently, this length 
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exceeded this dimension showing twin propagation to neighbor grains. This data supports 
the fact that in compression, twin nucleation takes place at early stages of straining and is 
followed by rapid twin growth [10].  
 
Figure 29: Evolution of twin size distribution of a pure magnesium compression test 
at 1.67 x 10-4s-1 and 35 μm mean grain size [14]. 
For the same strain rate and mean grain size, the Short-Time Fourier Transform (STFT) 
of the AE signals associated with the results in Figure 32 is shown in Figure 30. At very 
low strains, a single frequency peak was noted at ~490 kHz; however, at strains closer to 
1%, two frequency peaks of ~490 kHz and ~200 kHz were found. It was later concluded 
by Li and Enoki [14], that lower frequencies are caused by dislocation motion, whereas 
the higher frequency values are characteristic of twinning. 
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Figure 30: STFT of AE Signals of pure magnesium at a strain a) below 0.15% and b) 
above 0.9% strain [14]. 
Furthermore, Matsumoto et al. [15] studied the anisotropy in the mechanical properties of 
a hot rolled AZ31 sheet by preparing tensile samples with rolling directions between 0° 
to 90° with 15° increments (as seen in Figure 31) using AE.  
 
Figure 31: Tensile test sample orientations [15]. 
In order to increase the average grain size, the samples were annealed at 285°C and 
450°C for 30 minutes. The tensile tests were carried using the same rate as shown in the 
previous work by Li and Enoki [15], 1.67 x 10-4s-1. In all of the specimens tested, the AE 
magnitude was related to yielding since this amplitude was found to be the highest near 
the yield point. The authors further reported that the AE magnitude of 0° becomes much 
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lower than 90°. To draw conclusions, the authors used the fact that the Schmid factor for 
twinning is larger at 60° to 90°. Therefore twinning theoretically should occur easier in 
these samples. Similarly, it was reported that when the Schmid factor for twinning is 
large, the peak of AE energy is high.  
Furthermore, a statistical analysis of AE data was presented to aid in the characterization 
of the loading mode dependence of twinning in randomly textured cast magnesium by 
Capek et al. [9]. The threshold based approach used in this investigation allowed for the 
elimination of unwanted waveforms from background noise. For post processing, the 
authors used peak amplitude, duration, rise time, and energy. In addition, the K-means 
algorithm was chosen aiming to minimize the square error for the predefined number of 
clusters. The true stress-true strain curves of the AE response of the compression test as 
well as the clusters identified are plotted below in Figure 32. 
 
Figure 32: a) True stress-true strain curve plotted with the AE response of the 
compression test, and b) Frequency centroid-rise time with three clusters [9]  
AE waveforms characteristic of both twinning and dislocations are then represented as 
seen below, in Figure 33. 
a) b)
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Figure 33: Waveforms characteristic for a) twinning and b) dislocations [9]  
The work presented hereafter, uses the evolution of acoustic emission hits in order to 
serve as an additional statistical tool for data characterization. Based on the reviewed 
papers, the evolution was studied in different peak frequency segments. Microstructural 
constraints have also been used in order to provide data sets with and without twin AE 
waveforms.  
4.3 EXPERIMENTAL PROCEDURE 
Commercial magnesium alloy AZ31 with a nominal composition of 3 wt. % Al and 1 wt. 
% Zn was used in both chapters 4 and 5. The alloy was obtained as a 25.4 mm thick plate 
in the soft annealed condition (O temper). As shown in Figure 34, two cubes were 
extruded from the plate and then compressed in either the ND or TD direction to 5% 
compressive strain. The cubes were later held at 500o C for 50 hours to increase the grain 
size using a NEY 2 – 525 Series II furnace.  
a) b)
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Figure 34: Compression schematics, part of the thermomechanical process. 
Texture, and subsequently the average grain size distribution were measured in 
metallography samples cut from the normal direction of the plate. The grain size 
distribution can be seen in Figure 35 below. The average grain size and standard 
deviation for the ND and RD samples were 64.9 ± 38μm and 57.9 ± 29μm, respectively. 
Tensile specimens were machined from the cube using Electrical Discharged Machining 
(EDM) according to ASTM E606 standards. The geometry (Figure 36) of these section’s 
samples was modified to provide an a priori defined strain localization zone that assisted 
in minimizing the number of involved parameters. It further allowed the more unbiased 
use of the amplitude as one of the descriptors, since this parameter is severely affected by 
the choice of sensor position.  
 
Figure 35: Grain size distribution for a) ND and b) RD texture areas seen in Figure 
37. 
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Figure 36: Sample geometry for AE testing (units: inch). 
Sample grinding and polishing preparation procedures followed will be discussed in 
detail on Chapter 5. Local grain information, including lattice orientations, were 
measured at intervals of 2μm on a rectangular grid by automated acquisition and 
processing of backscatter diffraction patterns in a SEM (FEI XL30). The accelerating 
voltage and working distance were set at 30 kV and 15 mm, respectively. EBSD data 
before deformation is shown in Figure 37.  
 
Figure 37: EBSD Map of tensile samples a) ND and b) RD loading directions. 
a) b)
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Monotonic tension tests were performed at room temperature using a MTS test stand with 
a load cell of 3 kips. The testing was carried out using displacement control, at a rate of 
5.315 x 10-4 in/sec. In-situ nondestructive monitoring of the tensile experiment was 
provided by Acoustic Emission (AE) measurements. AE signals were recorded using a 5 
mm piezoelectric sensor (Pico) with an operating frequency range of 200-750 kHz and a 
peak frequency at 500 kHz connected to a 4-channel data acquisition board (PCII, 
Mistras). The waveform setup consisted of a 10MSPS sample rate with 100μs pre-trigger 
and 4k length using band-pass filtering. The noise threshold was set to 30dB with PDT, 
HDT, and HLT of 200μs, 800μs, and 800μs respectively. Prior to mechanical loading, 
pencil-lead break tests were carried out to calibrate the response of the AE sensors in 
accordance with ASTM E976. The calibration curve/frequency response of the sensor 
used is shown below, in Figure 38.  
 
Figure 38: Frequency response of PICO sensor. 
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4.4 RESULTS & DISCUSSION 
The data cleansing approach was developed using an acoustic emission dataset from the 
compression tests described by Kavan et al. [20].  In Figure 39, the distinctive 
localization bands are particular of the RD compression test and can be seen in the DIC 
results shown. 
 
 
Figure 39: AE hit points plotted cumulative along the load vs. time curve and 
respective DIC strain map for both a) RD compression and b) ND compression [20]. 
The AE data is plotted in a continuous regime in the load vs. time curve. This allows 
visualizing when in the mechanical behavior response of a sample the AE hits occur. It is 
well known that a magnesium compression test perpendicular to the c-axis will have 
twinning occurring at the beginning of the experiment (≤1% strain) [50, 54]. We also 
know that the yield elongation plateau has been linked extensively to twin nucleation 
[21]. Therefore, a comparative characterization between experiment phases that contain 
different twin intensities is needed to find the appropriate parameters for a clustering 
a) b)
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technique. Figure 40 and 41 show the cumulative AE hit counts of zone 1 and zone 2, 
respectively. Zone 1 represents a data set before yielding. Alternatively, zone 2 represents 
the beginning of the second phase of the experiment defined previously as the yield 
elongation plateau. The AE hit counts have been separated by time steps which 
cumulatively allow the illustration of segmental peak frequency evolution. It is important 
to note that the analysis mentioned in Figures 40, 41, and 42 was validated with an 
additional set of RD and ND compression samples. 
 
 
 
Figure 40: a) RD compression mechanical behavior at both full and zoomed in 
scales, and the Zone 1 cumulative AE hit count separated by peak frequency and 
time segments of b) 0-2s, c) 0-4s, and d) 0-6s. 
a) 
b) c) d)
[0-2] s [0-4] s [0-6] s 
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Figure 41: a) RD compression mechanical behavior at both full and zoomed in 
scales, and the Zone 2 cumulative AE hit count separated by peak frequency and 
time segments of b) 10-12s, c) 10-14s, and d) 10-16s. 
All of the data was plotted at 1 second intervals as seen in Table 5. Two important 
behaviors were noted. First, the average amount of AE hits per second in the 450 – 550 
kHz range is doubled in zone 2. Secondly, the average amount of AE hits per second with 
150 – 250 kHz is substantially reduced compared to zone 1. Similarly, the amount of 
dislocation slip (characteristic of ~200 kHz [14]) is greatly reduced after exceeding the 
yield point. In addition to published data that relates peak frequencies to certain 
deformation systems, this study gives clear evidence that peak frequency of 450 – 550 
kHz is strongly associated with twin nucleation.  
 
b) c) d)
a) 
[10-12] s [10-14] s [10-16] s 
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TABLE 5:  RD COMPRESSION AVERAGE HIT PER SECOND ZONE 1 & 2 COMPARISON 
150 – 250 kHz 250 – 300 kHz 300 – 400 kHz 400 – 450 kHz 450 – 550 kHz 
AE 
Hits Hits/second 
AE 
Hits Hits/second
AE 
Hits Hits/second
AE 
Hits Hits/second 
AE 
Hits Hits/second
ZONE 1 
1 26 47 55 14 8 21 20 68 39 
27 23 102 81 22 0 41 12 107 30 
50 35 183 59 22 1 53 8 137 40 
85 23 242 55 23 4 61 18 177 45 
108 14 297 46 27 10 79 23 222 51 
122  343  37  102  273  
Mean 26.75  62.5  3.25  14.5  38.5 
ZONE 2 
7 7 59 64 4 3 14 13 53 65 
14 8 123 61 7 3 27 12 118 60 
22 7 184 51 10 1 39 14 178 71 
29 7 235 54 11 4 53 10 249 69 
36 7 289 43 15 7 63 14 318 73 
43  332  22  77  391  
Mean 7.2  54.6  3.6  12.6  67.6 
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In order to have a comparison between more extreme twin intensities, AE data from zone 
1 of both loading modes (ND & RD) was also studied. The cumulative AE hit count 
scheme can be seen applied for the ND loading direction in Figure 42.  
 
 
Figure 42: a) ND compression mechanical behavior at both full and zoomed in 
scales, and the Zone 1 cumulative AE hit count separated by peak frequency and 
time segments of b) 0-2s, c) 0-4s, and d) 0-6s. 
Table 6 contains and compares the data separated by peak frequency segments. Once 
again, the statistics of population growth are compared; but this time, the data set 
includes different loading directions. As expected, the average amount of hits per second 
was substantially reduced in the 450 – 550 kHz range. This reduction is substituted with 
an intensification of hits per second of a 150 – 250 kHz range characteristic.  
 
b) c) d)
a) 
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TABLE 6:  RD & ND COMPRESSION AVERAGE HIT PER SECOND ZONE 1 
COMPARISON 
150 – 250 kHz 250 – 300 kHz 300 – 400 kHz 400 – 450 kHz 450 – 550 kHz 
AE 
Hits Hits/second 
AE 
Hits Hits/second
AE 
Hits Hits/second
AE 
Hits Hits/second 
AE 
Hits Hits/second
ZONE 1 - RD 
1 26 47 55 14 8 21 20 68 39 
27 23 102 81 22 0 41 12 107 30 
50 35 183 59 22 1 53 8 137 40 
85 23 242 55 23 4 61 18 177 45 
108 14 297 46 27 10 79 23 222 51 
122  343  37  102  273  
Mean 26.75  62.5  3.25  14.5  38.5 
ZONE 1 - ND 
16 75 123 74 7 0 4 0 3 1 
91 77 197 58 7 4 4 4 4 6 
168 58 255 52 11 10 8 15 10 11 
226 21 307 94 21 5 23 9 21 15 
247 29 401 82 26 2 32 25 36 7 
276  483  28  57  43  
Mean 57.75  69.5  4.75  7  8.25 
 
For the two loading directions, twinning is only evident in the RD compression test. 
Similarly, the average AE hits per second at an equally spaced time segment for two 
zones highlight a ~4.5x (38.5/8.25) increase in activity for the 450 – 550 kHz regime in 
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the RD sample. Similarly, the activity in the 150 – 250 kHz segment is reduced by half. 
Zone populations in the data set were carefully studied in order to obtain the appropriate 
parameters for clustering. Besides the clear choice seen in peak frequency, the energy 
between zone 1 and zone 2 was discrete and therefore also chosen as a clustering 
parameter. Amplitude was the third and final parameter chosen based on literature 
review, geometry, and sensor location. Using NOESIS’ hierarchy diagram, the 
parameters provided a <0.16 correlation value, which is indicative of an acceptable 
choice in clustering features. 
Low values of R and high values for τ, in this case 0.5655 and 1.1814 respectively, reveal 
a successful classification and the formation of well-defined compact clusters as seen in 
Figure 43b.  It is important to note that after increasing the cluster amount to 6, within the 
450 – 550 kHz range, there are two distinctive classes that are of interest.  
 
 
Figure 43: a) Classes shown in PP3 vs. Peak Frequency plot, and b) R, τ plotted 
against number of classes. 
a) b)
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Class 3 (green) and class 1 (blue) both share the peak frequency associated with 
twinning; however, class 1 has the highest amplitude and conversely shares (in the 
continuous mechanical behavior regime) the time frame associated with twinning in 
compression. Figure 44 shows the classes with ~500 kHz peak frequency activity plotted 
as a continuous regime in the load vs. time curve. At later stages of the test, twin 
nucleation clearly evolves into twin growth, which can be characterized as relatively 
weak AE signals with the same frequency peak.  
 
Figure 44: a) Class 1 and 3 AE hits shown in a continuous regime, and b) class 
difference in amplitude. 
Using the knowledge acquired, two new samples (described in the experimental setup) 
were thermo-mechanically prepared to be twin-free and have twin-prone texture. This 
allowed for a microstructural constraint of the samples which produced AE data sets with 
and without twinning signals. With the annealing process, increased grain size, higher 
twinning activity was induced for the ND tension texture, leading to high AE signal 
activity. All the data was imported into a single file in order to combine high peak 
frequencies that should and should not be associated with twinning. The AE hit data of 
both textures, red and blue, can be seen in the plot below, Figure 45.  
a) b)
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Figure 45: ND & RD tension AE hits plotted continuously in the load vs. time plot. 
The discussed unsupervised k-means scheme that included peak frequency, energy, and 
amplitude was used to separate the different deformation mechanisms of the two different 
textures. Based on the previous study, the only peak frequency segment of interest to 
obtain the AE of twinning is between 450 and 550 kHz, and it is shown in Figure 46.  
 
Figure 46: K-means class distribution inside 450-550 kHz peak frequency segment. 
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In Figure 46, we can see all the classes (five) in the peak frequency segment of interest 
acquired by updating the cluster number. In this dataset, eight clusters were required to 
finally obtain a class with high peak frequency and only characteristic of the twin-prone 
texture. This last class, 8-blue, has characteristics associated with twin nucleation. 
However, if each AE waveform is analyzed, we still need to isolate burst type emissions 
to successfully create a class ID representative of twin nucleation. Figure 47 contains the 
frequency spectrum and Fast Fourier Transform (FFT) of two randomly selected hits. 
 
Figure 47: Blue class a) burst and b) continuous type emissions. 
a) 
b) 
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An adaptive peak threshold of 20 dB was enforced in order to re-cluster the dataset with 
both duration and rise-angle features. This feature allowed re-defining the duration from 
the maximum amplitude minus 20 dB, thus allowing the signals with a sharper rise time 
(burst) to have a significantly low duration. Successful R and τ values were achieved as 
seen in Table 7, leading to a new class 8 – burst that is representative of twin nucleation. 
TABLE 7:  MAX-MIN DISTANCE – EUCLIDEAN – FURTHEST MEAN: R AND τ  
 ω R τ 
Duration 0.1066 0.3138 5.4977 
Rise Angle 0.4156 0.7371 2.5133 
 
Similarly, Figure 48 is a representative waveform and respective Fast Fourier Transform 
of twin nucleation. 
 
Figure 48: Waveform representative of twin nucleation. 
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Some of the parameters of this new class can be seen tabulated below. Table 8 provides a 
quantitative description of a class comprised of twin nucleation waveforms.   
TABLE 8:  TWINNING CLASS ID  
Parameter Maximum Minimum Average Stdev. 
Counts to Peak 19 1 4.71 2.568 
Energy (EC#) 18.085 0.24 1.01 1.459 
Rise Angle (Rad) 1.568 0.11 1.12 0.358 
Peak Frequency (kHz) 502.92 476.07 491.5 4.592 
 
4.5 CONCLUSION 
Microstructure-specific mechanisms responsible for local (micro) plasticity, as well as 
crystallographic reorientations in magnesium caused by mechanical loading were studied 
by combining acoustic emission monitoring, mechanical testing, and electron 
microscopy. The comparison between AE hit evolution of experimental setups with 
selected loading directions and/or mechanical behavior zones that contain different twin 
intensities, allowed for a conclusive study of peak frequency differences between 
twinning and dislocation slips. Similarly, microstructurally constraining the texture to 
create a twin-prone and twin-free set of data allowed differentiating twin nucleation 
within a narrower high peak frequency segment. This provided the means to implement a 
microstructurally-validated and feature-based AE analysis, including classification. The 
approach can be evaluated based on both the R and τ validity criteria, as well as the 
microstructurally constraint setup. The study produces a quantitative description of twin 
waveforms in the form of a class ID, which can be later used for live-SPR. The size-
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homogenization of grains is necessary in order to have a more precise waveform 
characterization of twinning.  
The completed study, however, allowed to distinguish an increase of the average AE hits 
per second in the 450 – 550 kHz peak frequency range for the twin-prone texture allows 
the association of twinning with these high peak frequencies. Additionally, the reduction 
in the average AE hit per second in the 150 – 250 kHz regime for the same sample can 
give further prove of twin activity acting as a barrier for slip deformation. High strain 
concentrations in the form of shear bands emerged from this twin/slip interaction. The 
role of twinning in shear banding will be discussed in the following chapter.  
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CHAPTER 5:  ROLE OF TWINNING IN SHEAR 
BAND FORMATION IN MG ALLOYS 
5.1 INTRODUCTION 
This chapter will concentrate on extension twinning, which is a deformation mechanism 
that has been considered the most dominant reason for the observed heterogeneous plastic 
flow in Mg alloys. Digital Image Correlation coupled with mechanical testing was used 
extensively for the research presented in this chapter in order to investigate the near 
yielding behavior of controlled texture samples of a commercial AZ31 magnesium alloy. 
Specifically, strain localizations in the form of distinctive bands were tracked in situ and 
further analyzed by ex situ electron backscatter diffraction. The reported results highlight 
the contribution of twinning to the overall plasticity of the material, as well as its role in 
the observed strain localizations.  
5.2 RELATED STATE OF THE ART 
Before presenting the obtained results in this chapter, it is important to first understand 
the sensitivity of deformation twinning to grain size in AZ31 commercial magnesium 
alloy.  In this context, Gadheri, A. and Barnett, M. [22] subjected AZ31 samples to 
compression followed by annealing in order to produce different grain sizes. All samples 
produced a similar texture; however the average of the maximum Schmid factor for 
twinning varied in each grain. In order to investigate twin formation, the experiments 
were interrupted at different levels of strain between 0 to 2% and then examined using 
optical microscopy.  The compressive stress-strain responses for all samples showed the 
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characteristic “s-type” behavior reported in Chapter 2. The true-stress-strain curves of the 
compression tests with different grain sizes can be seen in Figure 49 below.  
 
Figure 49: True stress-strain curves of compression test for AZ31 magnesium alloy 
samples with different grain sizes [22]. 
The “s-type” behavior has been linked to extension twinning [62, 63]. In this study, the 
onset of work hardening occurs immediately after yielding for the coarse grain size 
sample (55μm). However, fine grained samples display a distinct plateau, referred 
hereafter as yield elongation. In addition, the grain size was found to have negligible 
influence on the twin volume fraction. Even though connected twins were observed in the 
coarse-grained samples, the twin connectivity inside localized bands was seen mostly in 
the two fine-grained samples. It was also noted that for the coarse-grained samples, the 
band is completely consumed by twins. On the other hand, the twinned band area 
increases with increasing strain for the fine-grained samples [22]. In Figure 50, 
extensions twins of the course-grained sample are plotted using EBSD orientation maps 
at a plastic strain of 0.015, seen inside bands near the corners of the compression sample.  
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Figure 50: 55μm ‘coarse-grained’ AZ31 sample at a 0.015 plastic strain. Extension 
twin boundaries are seen in red [22]. 
In order to explain this behavior, M. R. Barnett et al. [21] developed a criterion for shear 
band strain localization based on twin transfer across boundaries using the same sample 
criteria discussed before. The understanding of this effect comes from the stress plateau 
that allows for a condition of shear band propagation, in which the shear band (no 
increased stress) front alone must stimulate twin propagation within the fresh material 
ahead [21]. In fact, very few grains could be seen to contain twins outside of the shear 
banded region in agreement with recent work by Hazeli et al. [20]. Similarly, the SEM 
analysis showed twins connected at grain boundaries within shear band regions, which 
implies twinning events that transfer from grain to grain. As mentioned before, it was 
reported that the total twin volume fraction in AZ31 is determined largely by strain, 
irrespective of the grain size, for strains up to ~1.5% [22]. This confirms that for the 
present material, deformation occurs mainly by twinning for initial stages of deformation.  
Furthermore, Wang et al. [46] studied strain localization and the formation of an early 
stage shear band during compressive deformation of pure magnesium below 5% 
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engineering strain along the c-axis. In this study, grain clusters with predominant basal 
slip were found to be the precursor of shear band initiation. Figure 51(a) through (f) 
presents the microstructures observed after different compression steps up to 5% 
engineering strain. Figure 51(h) shows the kernel average misorientation (KAM) map, 
which relates strain localization to accumulated basal slip activity. As seen below, right 
after 1 and 2% compressive strain, slip traces appear first. Increasing the strains produces 
a more dense slip trace, which eventually leads to strain localization. Twins are later 
observed in the third compression step.  
 
Figure 51: Microstructure of pure Mg during compression. (a) No deformation, (b-f) 
after continuous compression steps of ~1% engineering strain, (g) IPF map, (h) KAM 
map, and (i) IQ map [46]. 
During shear banding, it has been reported that twin nucleation is not solely controlled by 
the grains high Schmid’s factor [53, 54]. In fact, twin nucleation has been attributed to i) 
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low angle grain boundaries between (13° to 15°) [55], and ii) local unloading occurring 
due to the relative ease of basal slip in secondary twins [56].  
It is clear that the mechanisms associated with the formation of shear banding in 
magnesium are not well understood.  The work presented in this chapter provides 
evidence on the role of twinning in shear band formation. To assist the presented 
approach, the sample geometry was modified in order to exploit geometrically induced 
shear localization in the form of ~45° diagonal zones. The localization behavior and 
microstructure evolution was then investigated and compared for twin-free and twin-
prone textures. 
5.3 EXPERIMENTAL PROCEDURE 
AZ31 samples were pre-compressed and heat treated as mentioned in section 4.3. The 
geometry (Figure 52) of the samples used in this investigation was modified to provide an 
a priori defined strain localization zone to reduce the unknown parameters involved.  
 
Figure 52: Sample geometry for strain localization testing (units: inch) 
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Samples were mechanically ground using 800, 1200, and 2400 SiC papers. Subsequent 
polishing was carried out using an alcohol based diamond solution through a sequence of 
6, 3, and 1μm using Buehler’s TriDent and Struers’ Nap polishing cloths. Polishing was 
completed using a mixed solution comprising of 25% MasterPrepTM Polishing 
Suspension (0.05μm), 5% LiquinoxTM critical-cleaning liquid detergent, and 70% water. 
Detailed grinding and polishing steps can be seen in Tables 9 and 10.  
TABLE 9:  GRINDING: POWERPROTM 4000 SETTINGS 
Paper Platen Speed (RPM) 
Head Speed 
(RPM) 
Force 
(N) Time Cleaning 
P800 70 0  Manual 0:30 – 0:45 Water, ethanol + compressed air 
P1200 70 0 Manual 0:30 – 0:45 Water, ethanol + compressed air 
P2400 
70 0 Manual 0:30 – 0:45 
Water, ethanol, 
ultrasonic, compressed 
air, and warm air 
 
TABLE 10:  POLISHING POWERPROTM 4000 SETTINGS 
Cloth Platen Speed (RPM) 
Head Speed 
(RPM) 
Force 
(N) Time Cleaning 
Trident + 
6μm 100 0  Manual 2:00 
Water, ethanol, ultrasonic, 
ethanol, compressed air, and 
warm air 
Trident + 
3μm 100 0 Manual 2:00 
Water, ethanol, ultrasonic, 
ethanol, compressed air, and 
warm air 
Nap +      
1μm 120 60 (COMP) 15 5:00 
Water, ethanol, ultrasonic, 
ethanol, compressed air, and 
warm air 
Chem + 
0.05μm 120 60 (CONTRA) 15 8:00 
Water, ethanol, ultrasonic, 
ethanol, compressed air, and 
warm air 
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As seen above, in each polishing step, ultrasonic cleansing was used to completely 
eliminate adhered particles from previous polishing courses. Finally to reveal the 
microstructure and perform an EBSD measurement, specimens were immersed in a 
chemical polishing solution comprising of 5% nitric acid, 15% acetic acid, 20% distilled 
water, and 60% ethanol for 3 seconds. EBSD data was collected with a SEM FEI XL30 
equipped with an EBSD detector which was controlled by TSL software. The 
accelerating voltage and working distance were set at 30kV and 15mm, respectively. 
Orientations were recorded at 2μm intervals on a rectangular grid.  
 
Figure 53: EBSD Map of tensile samples a) ND and b) RD loading directions. 
It is expected that not only the selected texture, but the large grain size of the ND sample 
promotes twinning and the strain heterogeneity associated with it [50, 51]. Grain size 
measurements for both textures can be seen in Figure 54. The average grain size and 
a) b)
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standard deviation for the ND and RD samples were 64.3 ± 38μm and 57.4 ± 28μm, 
respectively. 
 
Figure 54: Grain size distribution for a) ND and b) RD texture area seen in Figure 
56. 
In preparation for Digital Image Correlation (DIC), a speckle pattern was placed in the 
surface of the sample. A white paint coating was sprayed on using a paint aerosol 
canister, while black dots were scattered on top using an airbrush. An optical microscope 
with dual (2) cameras in concurrence with the commercially available VIC3D software 
monitored deformation in the focused region during two tension tests. Monotonic tension 
tests were performed at room temperature using a MTS 858 table top system with a load 
cell of 3 kips. The testing was carried out using displacement control, at a rate of 5.315 x 
10-4 in/sec.  The first experiment loaded both the ND and RD samples to failure. The 
second experiment was halted at the same engineering strain (ε = 0.003) for both textures. 
5.4 RESULTS & DISCUSSION 
When a propagating twin interacts with a grain boundary, high stress concentration may 
develop in a nearby region of the adjacent grain at which twin nucleation may take place 
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[39]. In the case of the experiments reported herein, a noticeable difference on the plastic 
flow can be identified through DIC measurements in both textures. As seen in Figure 55 
below, the strain localization in the RD specimens (not favorable extension twinning) 
appears in a less geometrically defined region compared to a more structured strain 
localization zone seen in the ND tension sample (twin favorable). 
 
Figure 55: Strain localization evolution for a) ND and b) RD tension. 
The clear formation of a pronounced shear band could be attributed to the formation of 
twinning, given also the fact that the two types of specimens had the same geometry. The 
corresponding σ-ε curves are shown in Figure 56. 
 
a) 
b) 
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Figure 56: Stress-strain response for a) ND and b) RD tension tests 
The average strains acquired with DIC were compared for two separate fields of view 
(FOV), one inside the shear band and one for the area defined in Figure 55. The resulting 
average longitudinal strain ratios (εSB=shear band/εfull=whole area) are shown in Figure 57 for 
both ND and RD tension experiments. The average longitudinal (εyy) strain inside of the 
localized strain region is found to be up to 2.75x the average strain of the sample. 
 
Figure 57: Ratio between average strain of DIC shear band field of view (FOV) and 
full FOV for a) ND tension and b) RD tension. 
As stated in section 5.3, two separate samples for both textures were also loaded to the 
same engineering strain. The average longitudinal and shear strains are plotted in Figure 
a) b)
a) b)
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58 along with the calculated engineering strain for that particular field of view. The plots 
in this figure highlight the strain localization evolution at low strains for twin-free and 
twin-prone textures. Regardless of the geometry, at a given strain increment, the strains 
of the texture with a c-axis parallel to the tensile load develop at a much higher pace.  
 
Figure 58: Average strain evolution within 0.2% engineering strain inside of 
notched area (speckle pattern) for a) RD tension and b) ND tension. 
In early stages of deformation, the plastic response of the material was monitored by full-
field surface strain measurements provided by DIC at a rate of 1 picture every 2 seconds. 
A distinct band can only be seen in the strain map for the ND tension sample, seen in 
Figure 59, for the region inside of the notches.  
a) b)
Load Load 
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Figure 59: Strain localization for ND tension at a) 0.0012, b) 0.0013, and c) 0.0014 
engineering strain. 
Localization, in the form of a shear band, can be clearly seen in between 0.12% and 
0.14% of engineering strain for the ND tension texture. Comparably, for the same local 
states of strain in the RD tension case (Figure 60), there is no sign of a localized band, 
only strain localization due to the sample’s geometry.  
 
Figure 60: Strain localization for RD tension at a) 0.0013, b) 0.0014, and c) 0.0029 
engineering strain. 
This is a clear indication that within the same applied displacement the two textures 
examined show differences in terms of localized strains. This behavior is consistent with 
the progressive DIC strain field seen in Figure 58. More specifically, both textures appear 
to behave similarly below 0.12% engineering strain; however, basal slip’s low critical 
resolved shear stress (CRSS) component is met at a lower stress in the ND tension 
a) b) c)
DIC Picture 12 DIC Picture 13 DIC Picture 14
DIC Picture 13 DIC Picture 14 DIC Picture 28
a) b) c)
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texture. In addition, the peak values obtained in Figure 61c (εyy = 0.00452) at 0.14% 
engineering strain are only achieved when loading the RD sample up to a total 
engineering strain of ~0.3%, which does not appear to be confined in a localized region 
as seen in the case of the ND specimens.  
Due to the high strains induced inside the shear band, microstructure characterization 
using electron microscopy was challenging. To this aim, the samples were re-polished 
after loading using the last two steps of the polishing procedure shown in Table 10. An 
EBSD line scan was produced in order to see both twin activity and twin-connectivity 
around a notch. Prior to re-polishing, the sample was cleaned with acetone (to remove the 
DIC pattern) and inspected using light microscopy. The sample contained a visible band 
between the notches. Figure 62 shows the lack of longitudinal twin connectivity around 
one notch. There are no visible twins seen in this line scan; however the notched 
geometry might not favor the formation of twinning due to overall plasticity but only due 
to accommodation of local strains. It can also be argued that the main cause of strain 
localization (in the form of a shear band) for tension along the c-axis is attributed to basal 
slip, as discussed by Wang et al. [46].  The respective pole figures of each scan are shown 
alongside. As shown, the intensity of each pole figure is directed in the ND direction (no 
twins).  
In Figure 61, the full field strain in the area from which the EBSD scans were taken is 
shown. Compared to Figure 59, this subsequent stage has an engineering strain value (ε = 
0.00226). 
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Figure 61: DIC stage for presented ex situ EBSD scans 
 
Figure 62: Progressive EBSD line scan around notch area for ND tension. 
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Even though there is a lack of horizontal (width of sample) twin connectivity at the onset 
of shear band formation, activated twins show such connectivity throughout the shear 
band. Such twinning activity could be thought of as a response to local strain 
accommodation, since not all the area with high macroscopic strain localization is 
severely twinned.  In this case, the observed twins are very often connected at grain 
boundaries within some areas of the shear banded region. Twinning, however, is not seen 
throughout the whole front of the band.  
 
Figure 63: EBSD-IQ scan around edge of shear banded region (ND tension). 
Figure 64 highlights some of the occurrences of cross-boundary twins. This corroborates 
the findings seen in [20, 21, 58]. It is important to note, that some cross-boundary twins 
extend to more than two grains. Twin connectivity follows the same path of the shear 
band front. This can be analyzed as further evidence of twinning acting as a barrier to 
progressively lower the shear band front’s rate and subsequently increasing the value of 
strain inside the shear band. 
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Figure 64: EBSD-IQ showing highlighted a) lattice orientation and b) extension 
twins. 
Further representation of extension twin formation seen inside of the shear band is shown 
in Figure 65. The pole intensity reorients toward the RD and TD directions. Twin 
boundaries were highlighted in both Figure 64b and Figure 65 to show the misorientation 
angle between 86° and 87°.  
 
Figure 65: EBSD-IPF scan inside shear banded region (ND tension). 
a) b)
79 
 
On the other hand, for the RD tension texture, the EBSD scan performed after loading 
(εENG = 0.016) shows no indication of twinning.  
 
Figure 66: a) DIC stage for presented ex situ EBSD scan, and b) EBSD-IPF + Pole 
Figure of RD tension after straining. 
 
5.5 CONCLUSION 
As seen in Figure 4 (Section 1.1), if the compressed magnesium alloy material is further 
deformed along a direction different that the process plane, its deformation characteristics 
are expected to be significantly different depending of the loading direction. This is the 
case for the two textures extruded from the 25.4 mm AZ31-O temper thick plate. ND and 
RD tension textures geometrical induced localized strain behaved differently. The 
structured shear band region in the ND texture can be interpreted as the contribution of 
twinning as a process of local strain accommodation which could also act as a barrier for 
further slip and, thus, cause further strain localization. It can be argued that the exploited 
geometrically induced strain localization, in the form of ~45° diagonal notches, triggered 
early shear banding. In this case, shear banding was formed at very low engineering 
strains (0.12% – 0.14%). EBSD measurements allowed identify the formation of 
a) b)
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extension twinning that progressively transfers to neighbor grains. The growth of the 
shear band (from notch to notch) happens almost immediately within 0.01% engineering 
strain. This means, that there is little to no resistance in its lateral growth. However, twin 
connectivity is seen along the path of the shear band’s front. Hence, this twin-controlled 
formation of shear banding seen in Figure 55b, suggests twins could act as barriers for 
easy slip and therefore cause further strain localizations. 
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CHAPTER 6:  CONCLUDING REMARKS AND 
FUTURE WORK 
6.1 CONCLUDING REMARKS 
The research objective in this thesis was to combine nondestructive testing with 
microscopy to study the shear band behavior in Mg alloys. Chapter 4 uses acoustic 
emission to monitor the differences in the twinning activity caused by varying textures. 
The reduction in the average AE hits per second in the 150 – 250 kHz regime (associated 
with slip) for the twin-prone sample indicates that twinning could act as a barrier for 
subsequent slip. Furthermore, the experiments in Chapter 5 exploited the geometrically 
induced shear strain localization, in the form of ~45° diagonal notches, to trigger early 
shear banding. Extension twinning was shown to shape the growth of the shear band 
front. Localization, in the form of a shear band, was clearly seen in between 0.12% and 
0.14% engineering strain for the ND tension texture. However, for the same global 
straining there was no sign of shear band formation in the RD tension texture. As 
expected, twinning significantly was seen in the ND texture specimens with the use of 
EBSD, which was not the case in the RD texture. The data of local strain evolution 
(between notches) was tracked using DIC, which was used to relate local to global 
plasticity effects.  
6.2 FUTURE WORK 
As stated before, the AE hit activity can be used to monitor the evolution of deformation 
mechanisms for different texture. With a smaller field of view and increments of 
resolution, grain scale strains can be acquired. Pairing such measurements with in-situ 
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mechanical loading stages will provide quantitative microstructural information of the 
contribution of twin-slip interactions to strain localization. As a matter of fact, it would 
be of great value to directly measure the contribution of each slip system on local strain 
field obtained by DIC during loading of a Mg single crystal. This would help in 
determining and confirming the underlying dislocation structure (using TEM) and density 
responsible for the measured strain field. 
Quantitative information of the effect of texture and twinning on shear band formation 
and eventual damage initiation can be used to improve plasticity models as well as 
manufacturing processes. Hence, the results presented are expected to provide inputs for 
the development of such microstructure-based models. Furthermore, for strain 
localization, Digital Image Correlation can help establish initiation and propagation 
criteria while quantitative microstructure information can be extracted through targeted 
EBSD measurements. 
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